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THE 7-RAY BACKGROUND CONSTRAINS THE ORIGINS OF THE RADIO AND X-RAY BACKGROUNDS 
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ABSTRACT 

Cosmic ray protons generate 7-rays, neutrinos, and secondary electrons and positrons (e^) through pion- 
producing collisions with gas atoms. Any synchrotron or Inverse Compton (IC) radiation from secondary 
<? ± is therefore accompanied by pionic 7-rays. Using the extragalactic 7-ray background, we constrain the 
contribution of secondary e ± to the cosmic radio, X-ray, and soft 7-ray backgrounds. These bounds depend on 
the unknown hadronic contribution to the 7-ray background and the backgrounds' source redshifts. With our 
assumptions, we find that IC-upscattered light from secondaries is < 1/4 of the MeV - GeV 7-ray background 
and < 10% of the 0.5 keV - 1 MeV background (for sources at a redshift z < 10). The low intensity of the 
observed 7-ray background is marginally inconsistent with a secondary e ± origin for the radio background 
reported by ARCADE at ~ 3 GHz, unless the magnetic field strength in their sources is milliGauss or greater. 
These limits on the magnetic field strength are sensitive to uncertainties. However, any contribution to the 
7-ray background from sources not responsible for the ARCADE excess increases the inconsistency. 

Subject headings: cosmic rays — gamma rays: diffuse background — radio continuum: galaxies — X-rays: 
diffuse background — diffuse radiation 



1. INTRODUCTION 

Cosmic rays (CRs) are accelerated in man y environments 
including star-forming ga laxies (SFGs; e.g., lCondonlll992() 
and g alaxy clusters (e.g.. iFerrari et all 120081 : iRephaeli et alj 
2008). The bulk of the CR energy is in protons. These col- 
lide with ambient nuclei, creating pions, which decay into 7- 
rays, neutrinos, and secondary electrons and positrons (e^). 
Whether secondary or primary, CR e ± radiate synchrotron 
emission in magnetic fields and Inverse Compton (IC) as they 
scatter low energy photons. CR protons therefore contribute 
to the 7-ray and neutrino backgrounds, while CR e ± con- 
tribute to the radio, X-ray, and 7-ray backgrounds. 

The origins of these backgrounds are understood to varying 
degrees. The 7-ray background was once attributed to blazars, 
but Fermi has revealed that another source may be responsibl e 
for most of the emission above 100 MeV ( Abdo et al. 2010a). 
SFGs are one explanation for the 7 -ray background (e.g., 
iFields et all 120101: lLacki et all l2010aT) . The neutrino back- 
ground is not yet detected, although IceC ube will improve 
sensitivity greatly dAchter berg et al. 2007). The radio back- 
ground i s assumed to come from CR e ± in SFGs and possibly 
AGNs (Protheroe & Biermann 1996; Haarsma & Partridge 
119981: iDwek & Barker! 120021) . However, the radio bolome- 
ter ARCADE detected an extragalactic radio background 
six times greater th an expected from t he radio luminositie s 
of z » ga l axies dFixsen et alj 120091: ISeiffert et all 12009b . 
Singal ^tal] (1201 Oh suggested that redshift evolution of the 
radio properties of SFGs explains the ARCADE background. 
The X-ray background is th e best understoo d, with most of 
it being resolved into AGNs dGilli et alj|2007l and references 
therein). 

A powerful way of limiting one cosmic background is 
to compare it with another of the same origin. For ex- 
ample, the Waxman-Bahcall argument limits the flux of 
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ultra-high energy neutrinos from the observed spectrum of 
ultra-high energy CR pro t ons which produce the ne utrino s 
dWaxman & Bahcalll [19991 feahcall & Waxmanl 120011) . Sim- 
ply put, the Universe must be at least as luminous in the 
protons that generate secondaries as in the secondaries them- 
selves. Similarly, we can use one pionic background - either 
the 7-rays or neutrinos - to constrain the others: synchrotron 
radio or IC X-rays from secondary e . Secondary e may 
dominate over primary electrons in st arburst galaxies (e.g., 
Thom pson. Ouataert. & W axman 2007) and possibly galaxy 
clusters (e.g.. lDennisonlfl980i) . so this argument applies to 
backgrounds from these objects. 

2. RATIO OF PIONIC 7 RAYS TO SECONDARY EMISSION 

Suppose a class of sources emits CR protons of energy E p , 
which experience pionic losses during their propagation. The 
pions decay, generating 7-ray, neutrino, and leptonic back- 
grounds of flux intensity dJ/dE, so the power in each of the 
backgrounds per log bin energy is EdJ/dE, where E is the 
energy of the decay product. About 1/3 of the energy lost to 
pionic interactions goes into neutral pions, which decay into 
7-rays with typical energy (£ 7 ) w O.l^. The remaining en- 
ergy is in charged pions; of this, 1/4 goes into secondary e ± 
and the rest into neutrinos, so 1/6 of the pionic luminosity is 
in secondary e ± while 1/2 is in neutrinos. The average energy 
of the neutrinos and e ± is (E e ) w (E„) ps 0.05E p pa (E 7 )/2. 
Taking the ratio of the background intensity in pionic 7-rays 
to pionic secondary e ± , we have: 



„ / > dJ e 
2(E e )— : 
v e, dE e 
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and similarly, 3(E, 
ing (£ 7 ) to (E e 



(E„)j^- for neutrinos. In compar- 



dj„ 

dE t ™ V""/ dE„ 

we assume the pions are relativistic; we take 
E 7 > 0.3£o.3 GeV as a threshold for this. Far below this en- 
ergy, few secondaries are expected and any emission comes 
from primary e ± . 

The secondary <? ± radiate synchrotron and IC emission, 
among other losses. The pitch-angle averaged rest-frame fre- 
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quency of synchrotron emission is vq = (3E 2 eB)/(l6mlc 5 ), 
where e is the electron's charge and B is magnetic field 
strength. Since vq oc E 2 , d\nvc = 2d\nE e : the synchrotron 
emission from one log bin in energy is spread over 
two log bins in synchrotron frequency. At most 100% of 
the CR e ± emission can go into synchrotron, implying that 
vcdJ e /di>c(vc) = (E e /2)dJ e /dE e , or 

v c -7— (synch) < (// 4)£ 7 (pionic 7 - ray ) (2) 
dvc dE 1 

evaluated for vq at E e = E 1 /2, where / w 1 parameter- 
izes uncertainties in this approximation and the backgrounds 
dLoeb & W axman 2006). Lower / linearly scales down the 7- 
ray background, either because the total background is lower 
than assumed here or to consider only the pionic contribution 
from some class of sources; similarly, higher / linearly corre- 
sponds to lower synchrotron or IC backgrounds, either from 
errors in the measured backgrounds, or to consider only the 
contribution from secondaries from some source class. This 
uses the (^-function approximation for the synchrotron spec- 
trum, which is generally valid for power law spectra (e.g., 
iFelten & Morrison|[T966h FI 

Similarly, the average rest-frame energy of an IC upscat- 
tered photon of initial energy eo is £)c = {4E 2 eo)/{3m 2 c 4 ) in 
the Thomson limit (£)c < E e ). Once again £)c oc E%, and the 
IC emission from one log bin in E e is spread over two log bins 
in E\c- We have 

vsc^-QQ < (//4)£ 7 -^(pionic 7 -ray) (3) 
a vie dE 1 

evaluate d for E P = again us ing the 5-function approx- 

imation (IFelten & Morrison 1966). Note that eqs. [2] and [3] 
apply not just to the whole backgrounds, but to the pionic 
emission from each source and each population. 

In what follows, we conse rvatively assume th at all of the 
observed 7-ray background (Abdo et al. 2010b) is pionic in 
origin. Removing leptonic contributions to the 7-ray back- 
ground only tighte n the limits. The power-law fit to the 
lAbdo et al] (1201 Obi) background is: 

E ^L( 7 _ray) = 2.33 x 10" 9 ( ^ ) " ' (4) 

in cgs units of erg cm" 2 sec" 1 sr" 1 . At energies below Fermi 
observatio ns, the observed total 7-ray background is boun ded 
by eq.l4l(Weide nspointner et aLll2000t IStrong et al.ll2004t see 
Fig. Q}; therefore using the observed total 7-ray background 
instead of eq. [4] gives even stronger limits on backgrounds 
from secondary e than found here. At high energies, eqn. |4] 
applies only if the Universe is transparent to 7-rays. This is 
correct below 20 GeV, our maximum £ 7 for limit s on z = 10 
sources, and below 100 GeV out to z ~ 1 (e.g.. lGilmore et aD 
l2009llFinke et^fmuh . 

3. THE X-RAY AND SOFT 7-RAY BACKGROUNDS 

Nonthermal emission in X-rays has been observed in galaxy 
clusters, a nd might be IC-upscat ter ed CMB pho t ons (s ee the 
review by iRephaeli et ail 120081) . iMoran et al] (11999b sug- 
gested IC upscattered ambient far-infrared (FIR) starlight in 

3 This approximation is accurate to ~ 25% for an E~ 2 steady-state 
spectrum and is even better for an £"~ 3 spectrum. Note that 70% of the syn- 
chrotron emission of electrons with E e is in the 2 In bins centered on vq. 
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FIG. 1. — Limits on the X-ray and 7-ray backgrounds from IC upscat- 
tering (/ = 1, £0.3 = 1) by secondary on CMB photons (solid), 50 K 
FIR photons (dotted), and 10 4 K UV/optical photons (dashed), based on 
the observed 7-ray background. Black is z = wh ile grey is z = 10. The 
observed backgrounds are from Gilli et al. (2007, black line and cross- 
hatchin g) and references therein, Watanabe et al. 11999, grey shading and 
line), Weidenspointner et al. 12000, Xs), Strong et al. 12004, triangles), and 
lAbdo et alj<2010bi squares). 

starburst galaxies contributes significantly (~ 5- 10%) to the 
X-ray background. Since pionic 7-rays accompany pionic 
secondary production, the observed 7-ray background lim- 
its the contribution of secondary e^ in these sources to the 
X-ray background. 

In the observer-frame, and assuming a typical energy of 
3£7cmb(z) for CMB photons, the typical energy of upscattered 
CMB photons is E IC » £ 2 £[7c M b(0)](1 + z) 2 /(m 2 e c 4 ). Plug- 
ging eq.|4]into eq. [3] we get: 

, . / p \ -°- 205 

^ ic ^<2.2xl0" 10 /( [ ||j (l+ Z )°- 4 \ (5) 

in cgs units. For our assumptions about pion kinematics 
to be valid, we impose the constraint that E 1 > 0.3£b.3(l + 
z)" 1 GeV: 

£,c>8LE ( 2 . 3 eV. (6) 

Since the 7 -ray background i s only observed for E 1 < 
1 00£i nnGeV I Abdo et aD (l2010bl) . we also require: 

£ IC <9.0£? 00 (l+z) 2 MeV, (7) 

where E100 — > 0.2 at high z because the Universe is opaque at 
energies above 20 GeV 

We proceed similarly for ambient light of temperature r am b, 
finding E iC ~ E 2 kT amb (l+z)/(m 2 e c 4 ). Applying eq.[3]to eq.g] 
gives us in cgs units: 

, c ^< 9 . 8xl o-.. / ( j ^) (^|) 

(8) 

valid for 1.5 keV£, 2 3 (l +zT 1 T 50 < E IC < 165 MeV£ 2 )0 (l + 
z)T 50 , where T 5Q = T. dmb /(50 K). 

Figure Q] shows that IC-upscattered CMB light from sec- 
ondary e is only a small fraction of the X-ray background, 
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with greater contributions possible for sources at greater z. 
For / = 1 and sources at z ~ (10), it makes up < 3% (< 7%) 
of the background below 0.5 keV, < 1% (< 4%) at 1 keV, 
< 0.3% (< 0.7%) at 10 keV, < 0.9% (< 2%) at 1 MeV, and 
<l%(<3%)atlOMeV 

As seen in Figure [U the bounds on the contribution of up- 
scattered FIR light from secondary e ± to the X-ray and 7- 
ray backgrounds are relatively small. IC upscattered FIR is 
~ 4/% or less of the cosmic backgrounds from 1 keV to 1 
MeV, and up to ~ 5f% of the 1-100 MeV background. 
Bounds on upscattered optical/UV light from young stars 
(Tamb = 10000 K) follow similarly. We find that such emis- 
sion from secondary e is < 16/% of the actual 7-ray back- 
ground for z = sources (< 9/% from 1-100 MeV), but up 
to 8 - 15/% of the 1 - 100 MeV background and up to ~ f/4 
of the 0.1-10 GeV background for sources at z = 10. 

These results imply that IC emission from secondary 
does not contribute significantly to the X-ray or soft 7-ray 
backgrounds. However, they do not apply to primary elec- 
trons or to secondary e^ 1 that have been reaccelerated. 



4. THE RADIO BACKGROUND 

SFGs are expected to be a major source of the radio back- 
ground. Many estimates of the cosmic radio background 
(such as iProtheroe & Biermannl 1 19961 lHaars ma & Partridge 
119981: iDwek & Barked 120021) use the FIR-radio correlation 
(FRC), a tight linear relation between the FIR and GHz 
synchrotron luminosities of SFGs (e.g., iHelou etail 119851; 
lCondonll992tlYun et al. 12001). Recent measurements by AR- 
CADE suggest that the radio background is 6 times larger 
than expected from applying the FRC to the IR background 
dFixsen et al.ll2009t ISeiffert et al.ll2009l) . One way to explai n 
this excess is if the FRC evolves with z (ISingal et al.ll2010l) . 
However, most bright galaxies out to z » 2 seem to lie on the 
FRC (e.g., App leton et al.ll2004HSargent et al.ll2010l) . or show 
only moderate devi ations (e.g.Jlyison et al 1 120101) . 

Recent work by lLacki et al.l (1201 Obi) , supported by 7-ray 
detections of nearby starburst galaxi es (lAcciari et al.l 120091; 
lAcero et al] 120091; lAbdo et all 120 lOd) . suggests that a con- 
spiracy enforces the FRC in starburst galaxies: secondary 
dominate the primary electrons, increasing the radio emis- 
sion ^10 times when combined with spectral effects; while 
bremsstrahlung, ionization, and IC losses suppre ss the radio 
emissi on by a similar factor at 1 GHz (see also lLacki et all 
l2010al) . An unbalanc ed conspiracy could enhan ce radio emis- 
sion from starbursts (Lacki & Thompson 2010), but such "ex- 
tra" radio emission comes from pionic secondary e ± , which 
are accompanied by pionic 7-rays. The pionic 7-ray back- 
ground sets a hard limit on the synchrotron background from 
pionic e ± . 

Based on the FRC, |Eo eb & Wa xmanl ((2006) and 
Thom pson. Ouataert. & Waxmanl (120071) calculated star- 
bursts' contribution to the neutrino and 7-ray backgrounds. 
Eq. [2] inverts these arguments: the 7-ray background sets 
upper limits on the radio background from starbursts. These 
limits apply to other sources of the radio background when 
secondary dominate their radio emission. 

If pion production creates secondary with source-frame 
energy E' e radiating synchrotron at observer-frame frequency 
vq, it also creates pionic 7-rays with source-frame energy 
E' w 2E' e . The observed 7-ray background at E 1 = E' (\ +z)" x 
therefore limits the synchrotron background from secondary 
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FIG. 2. — Limits on the radio background (f = 1, £0.3 = 1) from secondary 
e^ at a single redshift. The constraints apply for source populations at z = 
(solid), z = 2 (long-dashed), z, = 5 (short-dashed), and z = 10 (dotted). The 
ARCADE fit is the solid grey line, with uncertainties represented by shading. 
The predicted radio background from Dwek & Barker (2002) (for a ] v oc 
v~ 01 spectrum) is the dashed grey line, with uncertainies represented by the 
striped grey area. 

e ± at ^ 

" c ^ 3-2 (5v) ^ igMHz ' (9) 

where B^ G = (B/ f iG)(l+z). 
The ARCADE fit to the radio background in cgs units is 

^ = 3 .7xl0- 10 ^ z . (10) 
avc 

where vqkz is the observ ed frequency (assumed to be vq) in 
GHz dFixsen et alj|2009l) . The errors in the ARCADE data 
indicate that eq. [T0l applies below f max = 3.4 GHz; at higher 
frequencies, the errors become too large to be sure whether 
the background spectrum steepens. If the background is en- 
tirely from secondaries, equations |2j [4] and [9] limit the radio 
background to 

^^.OxIO-'Vh^ 1 , (11) 

as plotted in Figure [2] We obtain a lower limit on B by plug- 
ging the ARCADE background (eq.[K)]) into eqn.Qj] 

3.4(1 +z)- 1 /- 4 V2.95 mG < B (12) 

At low frequencies, the ARCADE data is easily consistent 
with the 7-ray background (below the limits for all B^g in 
Figure[2]). At higher frequencies, large B^q are required: with 
higher B, lower energy e ± are responsible for the emission at 
a given frequency, and eq. fallows more power at lower 
energies. The limits on J e are constant in electron energy, but 
slowly shift in frequency (horizontally in Fig.[2j with different 
B. 

Our limit only applies if E' > 0.3£o.3 GeV. This combined 
with eq.|9]implies that eq.[l2]is only valid for ^ghz ^ 1 .01(1 + 
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z) 1.0 3/ 2.50£-1.03 and 

Bun, « 3 .6/ 250 ( 1 + z) 2 - 03 Eo.3 °mG (13) 

is the best lower limit on B that can be derived even if the 
ARCADE best-fit radio background extends to v — > oo. For 
very high B ;§> Z?i; m this means low energy primary electrons 
must be the source of the background. 

The ARCADE background is marginally inconsistent with 
a secondary origin in most SFGs. When / = 1.0, a sec- 
ondary origin for the ARCADE excess is difficult to recon- 
cile with the 7-ray background. Eq. Q~3] rules out the inter- 
galactic medium, clusters, and most galaxies at low redshifts. 
Only the densest Ultraluminous Infrared Galaxies (ULIRGs) 
like Arp 220 and AGNs have the mil l iGaus s magnetic fields 
needed (ICondon et al.1 119911: iTorresi 120041: iRobishaw etaD 
2008). ULIRGs are among the brightest (and therefore in- 
dividually detected) galaxi es, and cannot mak e up most of 
the ARCADE background dSeiffert et al.ll2009b . For a z = 2 
population, eq. [13] gives us B > 34/ 2 5 mG (corresponding 
to 3.1/ 25 GHz), but we generally expect B < 20-40 mG 
for dynamical reasons (Thom pson et al.ll2006l) . For a source 
population at z > 2, eq. [13] no longer is the main restriction, 
and the minimum allowed B decreases (eq. \12\ . Still, even 
at z = 10, a secondary origin for the ARCADE background 
at Vmax = 3.4 GHz requires B > ll/" 4,9 mG (eq. [T2l in its 
sources. Furthe rmore, there is little cum ulative star forma- 
tion at high z (Hopkins & Beacomll2006h : since eq. [2] applies 
to each individual source population, the ARCADE sources 
would have to be extremely efficient at accelerating CR pro- 
tons and contribute most of the 7-ray background. Obser- 
vations at 10 GHz can further constrain the possibility of a 
z ~ 10 source: at higher frequencies, there is more power 
in the radio background, but at higher energies, there is less 
power in the 7-ray background. Eq. Q~T] demands a spectral 
turnover at high frequencies for the emission from secondary 
e ± . 

The steep / dependence means that uncertainties in the 7- 
ray background and kinematics weaken the constraints on B 
considerably. However, greater / implies lower B, shifting the 
minimum allowed electron energy (0.15 E0.3 GeV) to lower 
frequency; this relaxes the constraint in eq.Q~3] Even for / = 2, 
the 3.4 GHz detections requires milliGauss magnetic fields in 
the sources except at the highest redshifts. Furthermore, the 
strong / dependence works in reverse: if even half of the 7- 
ray background is not pionic, or not from the sources of the 
ARCADE excess, then the limits on B strengthen by a factor 
- 30. 

Could the ARCADE excess be from primary electrons? 
Any radio background from primaries can be accounted for if 
all of the protons escape. However CR proton escape must be 
quite efficient; in the Milky Way, the luminosity of primary 
electr ons is only 1-2% that of CR protons at ~ GeV ener- 
gies (ISchlickeiserl 120021) . Pr evious modeling indicates that 
secondaries are important in starbursts and perhaps the in- 
ner Galaxy, but unimportant for the low density outer Galaxy 
dPorter et al.1 l2008t lLacki et al.l l2010bl) . Recent work indi- 
cates that only ~ 20% of the Gala ctic GHz luminosity is 
from secondaries (Stron get al.ll2010T) ; primaries can greatly 



enhance the radio background from low density SFGs. How- 
ever, galaxies have more gas at high z, making pionic losses 
more efficient. Another possibility is that primary CR elec- 
tron (but not proton) acceleration efficien cy is much higher in 
some SFGs, producing more synchrotron. Singal et al.l (12010b 
suggested AGNs provided such additional primaries. IC up- 
scattered starlight and bremsstrahlung in such galaxies would 
be a sign of these extra electrons. 

5. CONCLUSION 

The observed 7-ray background limits the luminosity of pi- 
onic secondary in the Universe. These secondary may 
be important in galaxy clusters and starburst galaxies. We 
show that simple ratios can place bounds on the contribution 
of IC and synchrotron emission to the radio, X-ray, and 7- 
ray backgrounds from these secondary e . With our given 
assumptions, the IC upscattered optical/UV light from secon- 
daries contributes less than f/4 of the GeV 7-ray background 
for sources at z = 10 and smaller fractions at lower redshift 
and energies; upscattered FIR and CMB from secondaries is 
~ 2/ % or less of the 1 keV - 1 MeV X-ray background for 
sources at z = and < 4% at z = 10, although with uncertain- 
ties described below. 

We consider the ARCADE-measured radio background in 
light of these bounds. Secondary <? ± are expected to dom- 
inate in starbursts that make up most of the star-formation 
at z> 1 dDole et al.ll2006t iCaputi et al.ll2007t iMagnelli et al.1 
2009). The 7-ray background is marginally inconsistent with 
a secondary e ± origin at ~ 3 GHz, unless the sources have 
milliGauss magnetic fields, although with considerable un- 
certainty. However, we cannot rule out primary electrons in 
low density galaxies or other sources (where pionic losses are 
minimal) as the cause of the ARCADE measurement. 

There are multiple uncertainties in these bounds. First, we 
assumed the backgrounds all came from a source population 
with a single redshift, allowing considerable variation in the 
bounds as z varies. More detailed modelling of the effects 
of redshift evolution is needed. Second, these constraints 
can be tightened by measur ing the hadronic con tribution to 
the 7-ray background (e.g., Prodanovic & Fields 2004); us- 
ing the entire 7-ray background as done here may overesti- 
mate the other hadronic backgrounds. Third, resolving out 
the contribution of each class of sources to the 7-ray back- 
ground would tighten the limits on their contribution to the 
other backgrounds. Note that this holds for the sources of the 
ARCADE excess specifically: even if most of the 7-ray back- 
ground is star-formation, the sources of the ARCADE excess 
may contribute only a fraction of it. Finally, future pionic 
neutrino background measurements above 100 GeV, such as 
with IceCube (e.g.. iDe Young et ail 120091) . would help limit 
the IC and synchrotron backgrounds from the highest energy 
secondary e^. 

I thank Todd Thompson and John Beacom for discussion 
and encouragement. I also thank Eli Waxman for useful dis- 
cussions, especially about the limits from equations [2] and [3] 
This work is funded in part by an Elizabeth Clay Howald Pres- 
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